Background and Aims: Microdialysis has been applied to the intestinal wall for the purpose of monitoring local ischemia. The aim of this study was to investigate the applicability, reproducibility and local response to microdialysis in the intestinal wall.
INTRODUCTION
The local metabolic state of the intestine is of interest for the gastrointestinal surgeon. Serious compli-cations to abdominal surgery can involve ischemia of the intestine, possibly leading to impaired gut barrier function and the development of sepsis and multi organ failure (1, 2). The means of monitoring the metabolic state locally in gastrointestinal tissues have so far been limited to systemic monitoring or tonometric measurements of the gastric mucosal P CO2 (3) . Clinical assessment of the patient including the use of the systemic serum lactate has so far been the most applicable method. The clinical significance of the method, however, is flawed by the fact that alterations of lactate indicative of ischemia occur very late, if not too late, in the progress of the intestinal ischemic state (4). With markedly increased lactate levels in the blood, the complications are often grave, such as the presence of severe peritonitis or large segments of necrotic gut.
Microdialysis is a tool for monitoring the extracellular environment in the body. Applying microdialysis to the intestinal wall, Sommer et al. (5) reported the method to be of value in monitoring ischemic events in the intestine. During ischemia the intramural dialysate concentrations of lactate and glycerol increased, and glucose decreased while corresponding systemic markers remained unchanged. The methodological issues have yet to be validated.
The aim of the present study was to assess the applicability, reproducibility and local response to microdialysis in the ileal wall, and compare microdialysis values from the intestinal wall to those obtained from microdialysis of the peritoneal fluid.
MATERIALS AND METHODS
Animal preparation and anaesthesia: 12 female pigs of the Danish Land Race breed, weighing 37.3 kg (34.0-39.5 kg) were included in the study. The pigs were anaesthetized with alpha-chloralose and ventilated with O 2 and N 2 O (6). All animals were monitored throughout the experiment with regards to blood pressure and heart rate. Blood glucose was maintained at 3.5-6 mM by infusion of isotonic glucose. After finishing the experiment, the pigs were sacrificed with an intracardial injection of potassium-chloride. All experiments on animals were approved by the National Committee for Animal Research, Denmark.
Microdialysis: We used the CMA 20 Microdialysis Probes (CMA Microdialysis, Solna, Sweden), with a molecular cut-off point of 20 kDa, membrane length of 10 mm and diameter of 0.5 mm. For perfusion we chose the CMA 107 Microdialysis Pumps, which were set at a perfusion velocity of 1 µ l/min. The perfusate was Ringer Chloride, and all analyses of the microdialysates were done on the CMA 600 Microdialysis Analyser.
Surgical preparation: A midline inferior laparotomy was performed, and a probe was inserted into the right psoas muscle. Two microdialysis probes were inserted into the ileal wall 50 cm (anal site) and 100 cm (oral site) from the ileocoecal junction, respectively. The probes were inserted slowly with minimal pressure applied to the ileum and fixated with sutures. One additional probe was placed freely in the peritoneal cavity of the small pelvis. The abdominal wall was closed with the in-and outlet tubes from the microdialysis probes sticking out through the sutures. After half an hour of tissue recovery the relative recovery measurements were initiated.
Relative recovery measurements: The relative recovery (RR) was measured for glucose and lactate on all probes according to the no net flux method (7). Samples were collected over 15 min with 4 different perfusates containing increasingly higher concentrations (C in ) of the metabolites (glucose: 2.8-11.1 mM and lactate: 1.25-5.0 mM). After collection of the last dialysate, the perfusate was changed to standard Ringer Chloride, and a period of 30 min passed, before metabolic sampling was initiated. The measurements were plotted in a graph with the C in against the C in -C out for each metabolite. Linear regression was performed and the slopes of the lines equal the RRs. For example see Fig. 1 .
Blood and microdialysate measurements: Microdialysates were collected in intervals of 30 min over a period of 6 h. With a time lap of 15 min arterial blood samples were taken and immediately analysed for glucose, lactate and blood gasses (ABL 615, Radiometer Copenhagen, Denmark). Additional arterial blood was kept on ice for later analysis of glycerol (spectrophotometer MQ 3, Zeiss, Oberkochen, Germany).
Ultrasound scanning: The sites of the 2 microdialysis probes in the ileal wall were scanned peroperatively with a high frequency (20 MHz) C-mode ultrasound scanner (Dermascan, Cortex Technology, Hadsund, Denmark) for assurance of the correct positions of the probes. The sound velocity of the ultrasound was set at 1580 m/s and the external surface to probe and probe to lumen distances were measured. If a probe was found to have penetrated into the lumen, it was removed and re-inserted in an adjacent location.
Histology: After the last sample was taken, the microdialysis probes in the ileal wall were perfused with 4 % buffered neutral formaldehyde for 2 h to obtain in vivo fixation of the tissue in the immediate vicinity of the probe. Subsequently, the segments containing the probes were cut out and placed directly in formaldehyde for further fixation. The segments were embedded in paraffin, sectioned (4 µ m) and stained with Hematoxylin and Eosin before microscopy. From each pig an additional section of the ileum was taken approximately 20 cm orally from the location of the oral probe to serve as control. Tissue samples from 5 animals were sectioned serially with 4-5 sections along the length of the probes to show the intramural position of the entire length of the probe. All sections were described according to probe localisation, local oedema, inflammatory cell migration, necrosis, fibrin deposits and bleeding in the tissue.
Statistical analysis: All values were expressed as mean ± standard error of the mean (SEM). The microdialysate values of glucose and lactate were corrected for relative recovery -RR -to obtain the actual concentrations in the tissues. For evaluation of the differences in the RRs between different probe locations and differences in the metabolite concentrations between probes and blood, ANOVA on Ranks was performed. The significance level was set at p<0.05. Linear regression was performed on mean values of metabolites and linear slopes between -0.15 and 0.15 were considered stable.
RESULTS
One pig was excluded because of severe cardio-pulmonary derangement. Two microdialysis probes in the oral ileal position were excluded from analysis due to clotting of the probe. Relative recovery: The results of the relative recovery measurements are displayed in Table 1 . Differences in the relative recoveries were found between all locations (p <0.05), except between the oral and anal ileal probes and between the oral ileal and the muscle probes. Large intra-group variations were found in all locations.
Arterial blood samples: Arterial blood glucose and lactate levels are depicted in Fig. 2 . The glycerol showed a slight decrease throughout the sampling also seen between the oral and anal ileal sites, the oral ileal and peritoneal sites and the peritoneal and muscle sites. Intra-tissue (ileal and muscle sites) levels of glucose were almost twice as high as the blood levels.
The lactate in the blood was about 25-30% of the intra-tissue levels, and was significantly different from all microdialysates. The peritoneal lactate differed from all other locations including the blood, while no differences were found between the ileal and muscle sites. Glycerol showed a slight decrease in all tissues with no significant differences from blood values.
Ultrasound scanning: In total 3 probes were found to have perforated to the lumen of the ileum and therefore removed. They were re-inserted in an adjacent location followed by scanning before proceeding with the study. The distance from the external surface of the ileum to the probe was found to be 1.2 ± 0.1 mm (oral) and 1.3 ± 0.2 mm (anal). The distance from the probe to the luminal surface was 1.0 ± 0.2 mm (oral) and 0.9 ± 0.2 mm (anal).
Histology and pathology: In all sections a massive local inflammatory cell migration was found. A large density of neutrophilic but also eosinophilic granulocytes was seen in and around the small blood vessels in the tissue and surrounding the probe. A severe oedema was disclosed in the submucosa with fibrin deposits scattered in the tissue close to the probe. The lymphatic vessels in the submucosa were dilated and contained numerous lymphocytes. In the sections of the distal ends of the probes containing the membrane an oedema was seen in the mucosa overlying the probe as well as in the submucosa, while in the proximal sections (containing the probe shaft), the oedema was limited to the submucosal layer. Most sections showed a varied congregation of erythrocytes and incipient necrosis in the tissue adjacent to the probe.
The magnitude of the inflammatory cell migration was approximately the same around the shaft and membrane. In two sections the shaft was found to be located in the mucosa with a rupture in the mucosal epithelia and exposure of the probe to the lumen. Unfortunately the distal ends of these probes were not sectioned and an assessment of the location of the membrane was not possible. An example of the in-flammatory response in the intestine is given in Fig. 5 .
DISCUSSION
We found that microdialysis applied to the intestinal wall provided stable measurements of glucose and lactate throughout our study period, indicating that the local metabolism remained steady throughout the experiment. The microdialysis measurements from the peritoneal cavity remained stable, with concentrations a little lower than in the intestinal wall. The relative recovery was found to differ both between probes in different locations, and between probes in the same location. This documents the necessity of measuring the relative recovery for every substance in each probe. Using high frequency ultrasound scanning, we could assess the position of the probes in the intestinal wall and replace the probes penetrating into the lumen. The correct position of all probes was thus ensured before beginning the sampling period. A main pathophysiological finding was that the presence of microdialysis probes in the intestinal wall provoked a serious inflammatory response with oedema, bleeding and incipient necrosis in the tissue.
We chose the small intestine of the pig because of its close resemblance to the human regarding anatomy, physiology and biochemistry (8). Alpha-Chloralose was used for anaesthesia to maintain the motility of the intestinal wall. Most studies have been carried out on a non-motile gut (5) because of the use of anaesthesia with drugs such as Halothane or Isoflurane. With Alpha-Chloralose we preserved the motility and normal physiology (9). No increase in heart rate and blood pressure was observed during the experiments, which indicates that the animals were well anaesthetized and without pain.
Microdialysis has proved to be a useful tool for monitoring metabolic events in various tissues (10, 11) . An experimental study showed that ischemia of an intestinal segment resulted in an increase in intestinal wall microdialysate lactate and glycerol values and decreased glucose while systemic markers showed no changes (5). Ungerstedt et al. (12) addressed the detection of intestinal ischemia by using intra-peritoneal microdialysis. They showed that microdialysis probes placed in the peritoneal cavity in the area of the ischemic intestine showed an increase in the lactate/pyruvate ratio and glycerol concentration and a decrease in glucose. Our study showed that during minor traumatic post-operative conditions, the metabolism in the intestinal wall and peritoneal, cavity remained fairly stable. Only a slight decrease in glucose was observed in the oral ileal probe and a slight decrease in glycerol was seen in all probes and in blood. The concentration of glucose was higher at the oral site than at the anal and peritoneal sites and in blood. This could be explained by the fact that absorption of glucose from the intestine takes place mainly in the ileum (13) .
For all microdialysis probes it is important to estimate the relative recovery because differences found in metabolic values could reflect differences in recovery of the individual probes. By using the no net flux method, we got simultaneous measurements of the relative recovery for several substances, avoided the use of radioactive markers and performed all analyses on the CMA 600 Analyser. The differences in relative recovery between locations could be explained by the different diffusion properties of the tissues. For instance, the relative recovery was markedly higher in the peritoneal cavity than in any other location because the probes were placed in a cavity and not in a dense tissue. The intra-group variations could perhaps be explained by differences in the degree and velocity of oedematous reaction, and hereby the diffusion capacity in the tissue, depending on the degree of manual manipulation of the tissue. Many studies on intestinal microdialysis have not measured the relative recovery, but have assumed it was constant for all probes (3, 5, 14, 15) . The results in the present study, however, indicate that values obtained from different probes are not comparable without correction for the relative recovery.
The locations of all ileal probes were assessed using high frequency ultrasound. Because the wall of the ileum is so thin (approximately 2 mm), there was a risk of penetrating into the lumen. We wanted to ascertain that our measurements were obtained from the ileal wall and not the bowel lumen. Most studies performed so far studying intestinal wall microdialysis have not verified the placement of the probes (5, 14, 16 ).
Finally the position of the probes was verified post mortem by histology and the inflammatory reaction was assessed. Recent studies have shown that there are large differences in the severity of the reaction around a microdialysis probe depending on the type of tissue (17) (18) (19) (20) . In both dermis, liver and gastric mucosa an inflammatory response with oedema and inflammatory cell migration was found after the insertion of a probe (17, 19, 20) . In our study it cannot be excluded that the severity of the local inflammatory changes observed in the tissues adversely affected our measurements.
Conclusion: Microdialysis with continuous measurement of the interstitial metabolite concentrations can be used in the assessment of the metabolic state of the intestine. It does, however, exert a profound effect in the tissue with induction of a severe inflammatory response, and may affect the metabolic measurements in the intestinal wall adversely, since the local metabolism is likely to be influenced by the inflammatory conditions.
The monitoring of the metabolic state of the intestines is expected to be of clinical importance in patients with compromised intestinal blood flow. In these patients, the intestine is already vulnerable. Therefore surgeons may be reluctant to induce additional trauma to the intestinal wall, thereby enhancing the risk of perforation. At present the use of intramural microdialysis in the small intestine is therefore most likely to be confined to experimental animal studies. Intra-peritoneal microdialysis is more likely to prove relevant in the clinical setting. This approach does not induce further trauma to a vulnerable intestine. The application of a peritoneal microdialysis probe is similar to the technique of inserting a surgical drain and would not substantially prolong a surgical procedure. The predictive value of the peritoneal microdialysis in the early detection of intestinal ischemia, however, remains to be established.
